A ntimicrobial resistance is an emerging problem worldwide (1), and until this decade, the development of new classes of antibiotics had been an important weapon for combating this. Carbapenems are one of these classes, represented by drugs such as imipenem and meropenem. As broad-spectrum antibiotics, these drugs have been the mainstay of treatment against multiply resistant Gram-negative bacilli and infections caused by them. These infections are difficult to treat and include those due to Pseudomonas aeruginosa and multidrug-resistant Klebsiella spp. (2). However, strains have recently emerged that carry carbapenemases (enzymes that destroy carbapenems), rendering them resistant to all carbapenems (3). One approach to overcoming this mode of resistance is by inhibition of these enzymes. This approach has successfully been applied in the past for other betalactamases, for instance clavulanic acid (4, 5) and tazobactam (6, 7). The new compound MK7655 is a beta-lactamase inhibitor (BLI) that has been shown to inhibit several types of beta-lactamases, including carbapenemases (8). In vitro studies have shown that the MICs for resistant strains were drastically reduced in the presence of MK7655 and thereby became susceptible to imipenem (8, 9). The next step in determining the feasibility of MK7655 is to determine its effect in vivo and the doses and concentrations that are required to overcome resistance. Pharmacokinetics (PK) and pharmacodynamics (PD) studies to determine exposure-effect relationships of antimicrobials have become a mainstay in optimizing dosing regimens and determining breakpoints (10-12). PK/PD relationships of combinations pose a specific challenge. In this study, we determined the pharmacodynamics of MK7655 during imipenem-cilastatin (IMP/C) treatment of experimental infections with IMP/C-resistant bacteria. Our strategy was to first determine the PK/PD relationship of IMP/C. This allowed choosing doses of IMP/C to result in a moderate increase in the d CFU of two selected P. aeruginosa and Klebsiella pneumoniae strains (i.e., a change of 1-to 2-log 10 growth). Doses of MK7655 were then varied in a dose fractionation study to determine the pharmacodynamic index (PI) of the inhibitor. In subsequent experiments, the initial observations were further validated by documenting the efficacy of MK7655 against a number of other IMP/C-resistant strains.
A ntimicrobial resistance is an emerging problem worldwide (1) , and until this decade, the development of new classes of antibiotics had been an important weapon for combating this. Carbapenems are one of these classes, represented by drugs such as imipenem and meropenem. As broad-spectrum antibiotics, these drugs have been the mainstay of treatment against multiply resistant Gram-negative bacilli and infections caused by them. These infections are difficult to treat and include those due to Pseudomonas aeruginosa and multidrug-resistant Klebsiella spp. (2) . However, strains have recently emerged that carry carbapenemases (enzymes that destroy carbapenems), rendering them resistant to all carbapenems (3) . One approach to overcoming this mode of resistance is by inhibition of these enzymes. This approach has successfully been applied in the past for other betalactamases, for instance clavulanic acid (4, 5) and tazobactam (6, 7) . The new compound MK7655 is a beta-lactamase inhibitor (BLI) that has been shown to inhibit several types of beta-lactamases, including carbapenemases (8) . In vitro studies have shown that the MICs for resistant strains were drastically reduced in the presence of MK7655 and thereby became susceptible to imipenem (8, 9) . The next step in determining the feasibility of MK7655 is to determine its effect in vivo and the doses and concentrations that are required to overcome resistance. Pharmacokinetics (PK) and pharmacodynamics (PD) studies to determine exposure-effect relationships of antimicrobials have become a mainstay in optimizing dosing regimens and determining breakpoints (10) (11) (12) . PK/PD relationships of combinations pose a specific challenge. In this study, we determined the pharmacodynamics of MK7655 during imipenem-cilastatin (IMP/C) treatment of experimental infections with IMP/C-resistant bacteria. Our strategy was to first determine the PK/PD relationship of IMP/C. This allowed choosing doses of IMP/C to result in a moderate increase in the d CFU of two selected P. aeruginosa and Klebsiella pneumoniae strains (i.e., a change of 1-to 2-log 10 growth). Doses of MK7655 were then varied in a dose fractionation study to determine the pharmacodynamic index (PI) of the inhibitor. In subsequent experiments, the initial observations were further validated by documenting the efficacy of MK7655 against a number of other IMP/C-resistant strains.
MATERIALS AND METHODS

Setting.
In vivo experiments were carried out in the Central Animal Facility (Centraal Dierenlab) at Radboud University Nijmegen Medical Centre. The animal studies were conducted in accordance with the recommendations of the European Community Directive 86/609/EEC, 24 November 1986. The study was approved by the animal welfare committee of Radboud University (approval no. RU-DEC 2009-060).
Drugs. For the in vitro susceptibility testing, imipenem (IMP) and MK7655 were provided by Merck. The drugs were reconstituted in phosphate buffer (0.01 mol/liter, pH 7.2) to a stock solution of 5,120 mg/liter.
Working solutions were prepared in Mueller-Hinton broth (MH) (Difco, Brunschwig Chemie, Amsterdam, The Netherlands). For the in vivo studies, MK7655 was supplied by Merck. Imipenem-cilastatin was obtained commercially as powder for injection. The drugs were reconstituted in 0.9% NaCl to a final concentration of 14.08 mg/ml, except for the highest concentration of IMP/C (128 mg/ml), where the final concentration was 28.16 mg/ml. Subsequently, solutions were combined and/or diluted with 0.9% NaCl to their final concentrations. The solutions were stored at Ϫ80°C until use and were used within 5 days.
Strains. P. aeruginosa ATCC 27853 and K. pneumoniae ATCC 43816 were used for infections in the PK experiments. For the PK/PD studies, 5 different Pseudomonas and 2 Klebsiella strains with various MICs and beta-lactamase expressions were selected from strains provided by Merck. The characteristics of these strains are shown in Table 1 .
In vitro susceptibility testing. Susceptibility testing for imipenem was performed by a broth microdilution assay following the ISO 20776-1:2006 international standard protocol against rapidly growing aerobic bacteria (13) . MICs for each agent in combination were determined by checkerboard titrations in MH broth. Doubling dilutions of imipenem and MK7655 were freshly prepared in MH broth to give a concentration 4-fold greater than the desired concentration. We dispensed 25 l of imipenem (range, 512 to 0.25 mg/liter) in the columns of a microdilution tray. We also dispensed 25 l MK7655 (range, 64 to 0.5 mg/liter) in the rows of the same tray. The trays were stored at Ϫ80°C until use. We added 50 l bacterial suspension (1 ϫ 10 6 CFU/ml) to the thawed trays and incubated them overnight. Each tray contained a growth control and a negative control. The recorded MIC was the lowest concentration of imipenem/ MK7655 that completely inhibited visible growth. All titrations were done at least in duplicate. MK7655 dilutions ranging from 0.125 mg/liter to 16 mg/liter were tested to determine whether they exhibited any antimicrobial activity.
Animals. Outbred female CD1 mice (weighing 20 to 22 g at arrival) were used in all the experiments and were obtained from Charles River (SulzFeld, Germany). The mice were rendered neutropenic by intraperitoneal injection of cyclophosphamide at 150 mg/kg of body weight 4 days before the experiment (day Ϫ4) and 100 mg/kg at day Ϫ1. Animals were housed two per cage and received water and food ad libitum.
Infection. On the day of the experiment, animals were infected with an inoculum of 0.1 ml in both thighs, each with a different strain. The inoculum was prepared by standard procedures. In brief, for each strain, a batch of 50 ml was prepared in MH broth (Difco, Brunschwig Chemie, Amsterdam, The Netherlands) by inoculation and growth to a final concentration of 10 8 to 10 9 bacteria/ml. Each batch was divided equally into 50 microtubes and stored at 80°C. Growth curves were generated on separate days to determine the reproducibility and colony count of the inoculum after thawing. On the day of infection, a 0.5-ml aliquot was thawed and added to 4.5 ml prewarmed MH broth. After incubation for 1 h, this was diluted to a final inoculum of approximately 5 ϫ 10 6 bacteria. Antimicrobial treatment (t ϭ 0 h) was started 2 h after infection.
Pharmacokinetics. Single-dose plasma pharmacokinetic studies were performed for IMP/C and MK7655 in thigh-infected mice. The mice were injected intraperitoneally with 0.1 ml (0.2 ml for the highest dose) of a solution containing IMP/C and MK7655 in combination 2 h after infection. The following doses were applied: 8/4, 16/8, 32/16, 64/32, and 128/64 mg/kg, respectively. Blood samples were taken before injection (t ϭ 0 h) and at 0.167, 0.33, 0.5, 0.75, 1, 1.5, 2, 3, 4, and 6 h after injection. Before collection by retro-orbital bleeding, the mice were anesthetized by using isoflurane. Samples were immediately put on ice and subsequently centrifuged. The supernatant, approximately 0.25 ml, was added to a 0.5-ml morpholineethanesulfonic acid (MES) buffer (pH 6.0). The exact amount of plasma was determined by weighing the samples. Samples were stored at 80°C, and concentrations were determined by high-pressure liquid chromatography (HPLC) at Merck (USA). The analytical methods for determination of MK7655 and IMP/C are based on the extraction of drug from plasma via protein precipitation. MK7655, IMP/C, and internal standards are separated using hydrophilic interaction chromatography (HILIC) and detected via tandem mass spectrometry in the turbo-ion spray (TIS) mode. The lower limit of quantification (LLOQ) for each analyte was 0.25 g/ml, with a linear calibration range of 0.25 to 100 g/ml. For each time point, 2 mice were used.
Pharmacokinetic analysis. Concentrations were plotted against time. One-and two-compartment models with and without an absorption phase were fitted to the data using WinNonlin (version 2.1; Pharsight Corp., St. Louis, MO) and GraphPad Prism version 5.0 (GraphPad, Inc., San Diego, CA). Using the parameter estimates obtained, simulations of concentration-time profiles of IMP/C and MK7655 in mice were carried out using MicLab 2.33 (Medimatics, Maastricht, The Netherlands). From these, the fT ϾMIC was determined for a range of MICs and dosing regimens of IMP/C and MK7655. For IMP/C and MK7655, a protein binding of 20% was taken (Merck, data on file [14] ).
Pharmacodynamic studies. Animals were treated with IMP/C or sham treated with a control (saline) every 2 h for 24 h with or without MK7655 at various doses and frequencies (see below). At 0 h, 2 mice were humanely sacrificed to determine the number of CFU just before treatment. All the other animals were sacrificed at 24 h unless the welfare of the animals necessitated earlier termination, in accordance with animal welfare regulations. Excised thighs were transferred to a precooled 10-ml plastic tube (Transport Tube, Omnilabo, The Netherlands) containing 2 ml PBS and were homogenized using an Ultra-Turax homogenizer (IKA Labortechnik, Germany). A 10-fold dilution series was prepared, and 3 ϫ 10 l was plated per dilution. The following day, the CFU were counted. The drug effect was determined as the difference between the 10-log CFU values at 24 h and 0 h (mean value of 2 mice) expressed as d log CFU. For the dose fractionation study of MK7655, IMP/C was given at a fixed dose every 2 h, while MK7655 was then varied in such a way that an optimal variation in exposure would be obtained for the three major PK/PD indices maximum concentration of free, unbound drug in serum (fC max )/ MIC, %fT ϾMIC , and area under the concentration-time curve for the free, unbound fraction of drug (fAUC)/MIC. All dosing regimens were performed with at least two animals. For the dose fractionation study of MK7655, two dosing regimens of IMP/C were chosen, based on the efficacy of IMP/C in monotherapy experiments, corresponding to doses producing a static effect and a 2-log 10 increase in the number of CFU with IMP/C alone. For further quantification of the effects of MK7655 for other strains, a dosing regimen of 8 mg/kg IMP/C every 2 h was used, corresponding to %fT ϾMIC values of 46.1% at an MIC of 1 mg/liter, 34.2% at 2 mg/liter, and 22.4% at 4 mg/liter.
Pharmacodynamic analysis. d log CFU was plotted against total daily doses, area under the concentration-time curve (AUC), fT ϾC , and C max of MK7655 and the fT ϾMIC of IMP/C alone. The Hill model with variable slope was fitted to the data using GraphPad Prism 5.0 (San Diego, CA). The static PIs were determined from the model fit. Table 2 provides the results of the checkerboard experiments. At low concentrations, there was no effect of the inhibitor, as indicated by a 0-fold difference in MIC compared to the control. Increasing the concentration of the inhibitor resulted in an increasing effect until a certain plateau was reached. The MK7655 concentration at which the plateau was reached and the plateau itself varied for each strain. MK7655 alone showed no antibacterial activity.
RESULTS
In vitro studies.
Pharmacokinetics of imipenem and MK7655. A one-compartment model best fit the data. IMP/C and MK7655 showed no dose-dependent pharmacokinetics. The PK profiles of IMP/C and MK7655 were linear over the dosing range studied. The IMP/C and MK7655 V values were 0.434 and 0.544 liter/kg, and the elimination half-lives were 0.24 and 0.25 h, respectively.
Pharmacodynamics studies. The PD of IMP/C alone was determined for each of the seven strains studied. Figure 1 shows examples of the dose-response relationship of IMP/C given every 2 h (q2h) for two strains, whereas Table 3 provides the pharmacodynamic characteristics of IMP/C for each strain. Subsequently, a dose fractionation study was performed for MK7655. Strains P. aeruginosa 24228 and K. pneumoniae 6755 were chosen to evaluate exposure-response relationships. Doses of MK7655 (from 4 to 64 mg/kg) and the frequencies of administration (1 to 12 times daily) were varied. The IMP/C dosing regimens used were determined from the exposure-response relationship of IMP/C alone (see above) and set at the two doses that would result in an approximately 2-log 10 increase in CFU and a static effect, respectively. The efficacy of MK7655 would then be indicated as a decrease in CFU relative to the controls and would be relatively sensitive to changes in concentration of the inhibitor. Figure 2a and b show the relationship between exposure and effect for various PIs for strains K. pneumoniae 6755 and P. aeruginosa 24228. The effect was clearly dependent on the presence of MK7655 in a dose-dependent manner. There did not appear to be any relationship between MK7655 peak concentration (C max ) and efficacy. There appears to be a stronger relationship between AUC and dose compared to that between T ϾMIC and dose, indicating that the total daily dose and AUC are the primary drivers of outcome. In addition, a separate analysis of the dose fractionation study fitting the maximum effect (E max ) model for each dose frequency showed no significant relationship between 50% effective concentration (EC 50 ) and dose frequency, indicating that the effect was primarily dependent on total daily dose and therefore AUC. The effect of MK7655 was studied further in five other strains, primarily to further validate and quantify the relationship between MK7655 concentration and effect. Because the dose fractionation study had indicated that the total daily dose (or AUC) was the PK/PD index that best correlated with outcome, MK7655 doses were administered at the same time as those of IMP/C. Figure 3 shows the exposure-response relationships for 5 strains treated with 8 mg/kg IMP/C every 2 h (22.4%fT ϾC at 4 mg/liter; 0%fT ϾC at 16 mg/liter). This IMP/C dose was chosen because it resulted in %fT ϾMIC values relevant for clinically achievable concentrations. For each strain, a clear exposure effect of MK7655 was observed. Interaction between imipenem and MK7655. For two strains, K. pneumoniae 6339 and P. aeruginosa 24226, the effect of MK7655 was studied for four different dosing regimens of IMP/C (1, 2, 4, and 8 mg/kg every 2 h). The main purpose of this experiment was to determine whether the effect of MK7655 was depen- Figure 4 shows the exposure-response relationships for the two strains, indicating that at the lowest dose of IMP/C administered, MK7655 effects were still apparent but marginal.
Quantitation of the effect of the inhibitor. Table 4 
DISCUSSION
In this study, the effect of MK7655 during treatment with imipenem was determined using doses otherwise too low to demonstrate any efficacy during single-drug therapy. MK7655 in combination with IMP/C showed significant activity in vitro and in vivo, as it resulted in efficacy against imipenem-resistant strains. The PK/PD relationship of MK7655 described indicates that the AUC is the parameter that best correlates with efficacy. In the dose fractionation experiment, the best fit was obtained using the total daily dose or AUC. The results also show that MK7655 efficacy is clearly not related to peak concentration (C max ). These observations suggest that the timing of MK7655 administration relative to that of imipenem is not critical and supports the potential for coadministration of MK7655 and IMP/C in a single formulation.
The total amount of MK7655 that is needed to render a given strain susceptible to imipenem in vivo is a matter of debate. In the experiments described here, the MK7655 AUC required to result in a static effect of imipenem ranged from 6 to 45 mg · h/liter (mean, 26 mg · h/liter). This value may serve as a basis for determining the doses of MK7655 once the human PK profile of MK7655 has been determined in phase 1 clinical trials (15) , taking into consideration the protein binding of MK7655 (20% in mice [14] ). While 7 strains have been studied to date and therefore a reasonable characterization of the variation that may be present between strains has been quantified, the effect of MK7655 is not only strain dependent but also dependent on the imipenem dosing regimen. In fact, the doses of imipenem used in this study were relatively low, and the results for MK7655 are therefore conservative. Theoretically, if all enzyme (beta-lactamase) activity is neutralized by a BLI, that strain would appear susceptible, as wild-type K. pneumoniae and P. aeruginosa are each imipenem susceptible. Using a dosing regimen of 8 mg/liter and a clinical breakpoint of 2 mg/liter (the EUCAST S breakpoint), the %fT ϾMIC is 34.2%, and this value correlates with the static effects observed in animal models described by others. For each strain, an MK7655 regimen that resulted in a static effect at clinically achievable concentrations was found. Considering that the number of approvals for new antibacterial agents are still dropping and the existing ␤-lactamase inhibitors are poorly active against class C and D enzymes and not active against class B enzymes, MK7655 is a promising ␤-lactamase inhibiter and will restore the activity of imipenem against carbapenemases; thus, it warrants clinical evaluation.
